Introduction
Space Experiments with Particle Accelerators (SEPAC) was carried out by the Spacelab-1, STS 9 mission in 1983 (OBAYASHI, 1984) . The major purpose of the experiment was to perform an active experiment in space using a high power electron beam accelerator and magneto-plasma-dynamic arcjet. A neutral gas plume injector was also onboard for the purpose to neutralize the charging effect of the orbiter during the electron beam emission.
During the Spacelab-1 mission, gas injection experiment without the electron beam emission was carried out five times in night time in different flight configurations. The gas injector is able to inject 1023 nitrogen molecules during 100 msec into space from the Spacelab pallet. Synchronized with the gas injection, a considerable amount of plasma was unexpectedly detected by an onboard plasma probe quite often.
Initially, this phenomenon was believed to be a kind of gas ionization in which the gas molecules are ionized by hot electrons produced by a wave-particle interaction (SASAKI et al., 1984) . Further investigation has revealed that this ef-fect is to be explained by collisional interaction between the ionospheric ions and the gas plume molecules. The collisional interaction has been also reported by KATZ et al. (1984) in relation to the polarization effect of plasma surrounding the orbiter. Our present paper presents a further analysis result of the gas injection experiment and gives a possible mechanism for the enhancement of the plasma density detected during the gas injection.
Experimental Results
The gas is injected through a cone-type laval nozzle with 20mm in exit diameter which is assembled in the plasma accelerator (MPD). The estimated profile of the gas density in front of the gas nozzle is shown in Fig. 1 . The cone angle of the gas plume is about 40 degrees (half angle). The diagnostics onboard the pallet are floating probes, Langmuir probe, electron energy analyzer, photometer, vacuum gauge and VLF (0.75-10kHz)/HF(100kHz-10MHz) wave receivers. They are assembled in a package (DGP) and located below the gas injector. The configuration of these instruments on the pallet is shown in Fig. 2 .
A cylindrical probe with electrode surface of 25 cm2 is used as the Langmuir Fig. 2 . Configuration of the pallet instruments. Shaded instruments belong to SEPAC. Neutral gas is injected from MPD straight upwards with respect to the pallet. DGP is a diagnostic package composing of floating probes, Langmuir probe, photometer, vacuum gauge and wave receivers.
ionospheric plasma density. The great reduction of the plasma density at the probe which is located near the bottom of the pallet is caused by the wake effect. When the gas plume was injected, the current of the Langmuir probe increased by up to 150 times of the initial level. The typical examples in which the probe (a) (b) Fig. 3 . Examples of the probe current enhancement during the gas injection. The Langmuir current increases together with the pressure after the start of the gas injection. (a) FO-4 (b) FO-9A-1 tant phase) and decreased to the initial level typically within 100 msec (decay phase). Among the five gas injection experiments in different flight configurations (Functional Objectives; FO-4, 6-1, 6-2, 9A-1, 9A-2), the enhancement of the Langmuir current by the gas injection was clearly observed three times (FO-4, 6-1, 9A-1). They are summarized in Table 1 , together with the experimental conditions. The Langmuir probe was operated in sweep mode in FO-6 and both in fixed and sweep modes in FO-4 and -9A. The main features of the plasma enhancement are summarized as;
1. The current-voltage curve obtained by the Langmuir probe coincides with the characteristics for plasma, as is shown in Fig. 4 . The sampling rate of the data acquisition of the current does not allow us to obtain the accurate plasma Fig. 4 . The current-voltage characteristic measured by the Langmuir probe for the plasma detected when the gas is injected. It is depicted for the rising phase, constant phase and decay phase.
2. The Langmuir current at a fixed bias voltage rose almost in proportional to the pressure measured by the gauge, as shown in Fig . 5 . Fig. 5 . Relation between the probe current biased at 9 V and gas pressure in the rising phase.
The current is almost proportional to the gas pressure.
3. The rising time of the probe current in FO-4 was shorter than that of the pressure. In this case, a small jump of the current was observed just when the gas density started to decrease (Fig. 3(a) ). In FO-9A-1, the rising time of the probe current coincided with the pressure and no current jump was observed ( Fig. 3(b) ).
4. VLF wave signal was occasionally detected accompanying with the plasma enhancement as shown in Fig, d . The intensity was usually maximum during the decay phase.
Possible
Mechanism for the Plasma Enhancement
The flight configuration of the orbiter seems to be very important to this effect, as is evident from Table 1. The direction of the gas injection was into RAM or near RAM when the plasma enhancement was detected, while it was into WAKE when the enhancement was small or not detected. The attitude of the orbiter with respect to the velocity vector is specifically drawn in Fig. 7 for each configuration.
This fact indicates that the space plasma drifting with respect to the gas plume played an essential role for the plasma enhancement observed by the Langmuir probe during the gas injection. This effect has never been observed in the ground laboratory experiment using the same flight hardwares in a large space chamber.
Two processes can be considered for the plasma enhancement measured by the Langmuir probe; ionization of the gas molecules by hot electrons produced by a wave-particle interaction or a collisional interaction between the ionospheric plasma and the gas plume. In the former process, plasma is produced additionally, while plasma is not produced in truth in the latter process. The possibility of the plasma production by the critical velocity ionization has been discussed by MOBIUS et al. (1979) and PAPADOPOULOS (1983) in relation to gas injection experiment in space. However, the critical ionization velocity for nitrogen is calculated to be 10.4 km/sec, which is rather faster than the orbiter velocity (7.5 km/sec). In FO-9A-1, the plasma enhancement was observed even when the orbiter velocity perpendicular to the magnetic field was less than 6 km/sec. Also the enhancement of the light emission which is incidental to the critical velocity ionization was not detected by the photometer during the gas injection. Then there is very little possibility that the plasma enhancement is attributed to the critical velocity ionization.
The scattering of the ionospheric ions by the gas molecules is more likely responsible for the enhanced plasma detection. Since the Langmuir probe is located near the bottom of the pallet, it is usually inside the wake and the ionospheric plasma scarcely comes into the probe due to the large Mach number of the orbiter velocity. However, when the high dense gas plume is injected into the plasma stream moving relative to the orbiter, some of plasma ions interact with the FO-4 FO-6-1 FO-6-2 FO-9A-1 FO-9A-2 Fig. 7 . The attitude of the orbiter for the five gas injection experiments. The gas was injected upwards perpendicularly to the circle. The enhancement of plasma density was detected only when the gas was injected into the RAM or near RAM direction.
gas molecules and are scattered towards the plasma probe inside the wake. Here, the density of the scattered plasma towards the Langmuir probe is calculated under a simplified configuration, neglecting the effect of the local wake by the surrounding instruments.
In the calculation, the following are assumed:
1. The scattering of the plasma ions by the gas molecules is isotropic. 2. The scattered plasma diffuses parallel to the magnetic field. 3. Secondary interaction between the scattered ions and the gas molecules is neglected.
The condition for the detection of the scattered plasma by the plasma probe is that the magnetic field line connecting to the probe passes through the gas plume outside the wake, as is illustrated in Fig, 8 . The scattering rate of the plasma to the plasma probe from a small cylindrical segment (dL) with unit cross sectional area and with its axis parallel to the magnetic field line is expressed as; here, (2) here, at the orbital height, three processes can be considered for the collisional interaction with the nitrogen molecules:
Among them, the cross section of charge exchange is much smaller than the assumption in the above calculation when the relative velocity is 7.5 km/sec.
Both the elastic collision and ion-atom interchange (ALBRITTON et al., 1977) can provide a close value for the cross section used in the calculation. The opening time of the gas valve is estimated as 30 msec from the signal of the pressure gauge. Since the main contribution to the integration in Eq. (2) is by the segment around the intersection of the magnetic field line and the gas plume exposed in the plasma stream, the increasing time of the plasma density for a constant gas injection is characterized by (a distance of the intersection
The reason for the short rising time of the probe current and the existence of the current jump appeared just at the start of the pressure decay in FO-4 can be explained by the effect of the secondary collision between the scattered ions and the gas molecules which is not considered in the present model. The secondary collision suppresses the diffusion of the scattered plasma to the probe during the gas injection, which results in the short rising time. At the start of the gas decreasing, the produced plasma can diffuse to the probe with less interaction with the gas molecules which results in the temporal increase of the probe current. Actually, in the FO-4 configuration, the path from the region of the plasma production to the probe is relatively larger than that of FO-9A-1. Corresponding to this, the ratio of the observed current to the calculated one in Fig. 9 is smaller in FO-4 than in FO-9A-1.
VLF wave was generally observed in the FOs in which the enhanced plasma current was detected, though the intensity was not proportional to the probe current. VLF waves can not be generated in the collisional interaction described above. The excitation of the VLF waves suggests that a wave-particle interaction did occur by the gas injection which will be analyzed elsewhere. However, the dominant process responsible for the enhancement of the probe current is most likely attributed to the scattering of the ionospheric plasma by the gas injection.
Conclusion
The enhancement of the plasma density during the gas injection observed in SEPAC Spacelab-1 experiment is studied. The mechanism for the plasma enhancement at the plasma probe has been explained by the collisional interaction between the gas molecules and ionospheric ions which relatively drift with the orbital velocity. The space plasma scattered by the gas plume diffused towards the plasma probe located inside the wake, which enhanced the probe current during the gas injection.
